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Abstract To date, no genes have been characterized from 
dinoflagellate mitochondrial DNA. Here we present the complete 
sequence of the gene (coxl) encoding subunit 1 of cytochrome c 
oxidase in the dinoflagellate, Crypthecodinium cohnii. Analysis 
of nucleotide and deduced amino acid sequences predicts a 
protein of 523 amino acids that is translated using universal 
initiation, stop and tryptophan codons. COX1 amino acid 
identity and phylogenetic tree analyses strongly support a close 
evolutionary relationship between dinoflagellates and apicom-
plexans; however, inclusion of the ciliates in this clade is less well 
supported, a result likely due to the highly derived nature of 
ciliate COX1 sequences. 
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1. Introduction 
Dinoflagellates comprise a large and structurally diverse 
group of unicellular eukaryotes (protists). Phylogenetic recon-
structions, inferred from small subunit rRNA gene sequences, 
show that the dinoflagellates (Dinozoa) share a common an-
cestry with apicomplexans (Apicomplexa, a group of parasitic 
protists) and ciliates (Ciliophora) [l^TJ. Within this assem-
blage, termed Alveolata (alveolates) [1,5], the dinoflagellates 
and apicomplexans cluster together, forming a sister group to 
the ciliates [1,4,6]. In addition to molecular data, the concept 
of an alveolate clade is supported by ultrastructural features 
such as tubular mitochondrial cristae, cortical alveoli [4,5] 
(outer membrane vesicles) and rows of microtubules just be-
low the plasma membrane [5]. 
Most of what is known about mitochondrial genome struc-
ture and organization comes from examination of mitochon-
drial DNA (mtDNA) in the three most recently emerged eu-
karyotic lineages: animals, plants and fungi (reviewed in refs. 
[7,8]). Mitochondrial DNA has been characterized in only a 
fraction of the extant protist phyla; within the alveolate line-
age, nothing is yet known about the dinoflagellate mitochon-
drial genome. In contrast, extensive sequence is available for 
mtDNA from four apicomplexan species (Plasmodium falcipa-
rum [9,10], Plasmodium yoelii [11], Plasmodium gallinaceum 
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[12] and Theileria parva [13]) and two ciliates (Paramecium 
aurelia (reviewed in ref. [14]) and Tetrahymena pyriformis (re-
viewed in ref. [8]). The apicomplexan mitochondrial genomes 
(6-7 kbp) are the smallest known, containing only three pro-
tein-coding genes (coxl, cox3 and cob) [9-13]. Among other 
interesting features of alveolate mtDNAs is the unusual ar-
rangement of the mitochondrial rRNA genes: discontinuous 
in the ciliates and also rearranged in the case of the LSU 
rRNA gene of T. pyriformis (reviewed in refs. [8] and [14]); 
discontinuous and rearranged in the apicomplexans ([13]; re-
viewed in ref. [15,16]). From comparisons of the sequence of 
coxl, the gene specifying subunit 1 of cytochrome c oxidase 
(the most highly conserved mitochondrially encoded protein), 
the T. pyriformis COX1 protein appears to be one of the 
longest known (containing an insert of 108 aa that is present 
only in the ciliates) [17] whereas P. falciparum COX1 is 
thought to be the shortest. The mitochondrial translation sys-
tem in both groups also appears to use non-universal initia-
tion codons (reviewed in [14,15]), a situation similar to that 
described in mammals [18,19]. 
In this paper we report the first characterization of a 
mtDNA element from a dinoflagellate. Fragments of mtDNA, 
isolated from Crypthecodinium cohnii, have been found to 
contain an open reading frame (ORF) homologous to coxl. 
Analysis of coxl nucleotide and predicted amino acid se-
quence suggests that C. cohnii utilizes universal initiation, 
stop and tryptophan codons. We discuss these findings in 
the context of the proposed common ancestry of the dinofla-
gellates, apicomplexans and ciliates. 
2. Materials and methods 
2.1. Culturing methods and nucleic acid extraction 
C. cohnii strain WFf-d (kindly provided by Dr. Carl Beam (Brook-
lyn College, New York)) was grown axenically in MLH liquid me-
dium [20] at 27°C in the dark with aeration. Mid-log phase cells were 
harvested by centrifugation (850Xg, 10 m) and washed twice with 
resuspension buffer (25 mM Tris-HCl, 10 mM EDTA (pH 8.0)). Total 
nucleic acids were prepared by lysing cells in a French pressure cell 
(Aminco) (2000 lb/in2) in resuspension buffer followed by standard 
phenol extraction of the resulting lysate [21]. Mitochondrial DNA was 
isolated by subcellular fractionation [22], except that a cell lysate was 
prepared by disrupting cells with glass beads [23]. Following sucrose 
gradient centrifugation of a crude mitochondrial fraction, purified 
mitochondria were found in the pellet. 
2.2. PCR amplification, cloning and DNA sequencing 
PCR amplifications were carried out using 50 uL reaction mixtures 
containing 25 mM glycine KOH (pH 9.3), 50 mM KC1, 2 mM MgCl2, 
1 mM DTT, 0.2 mM of each dNTP, 0.001% gelatin, 10 pmol of each 
primer, 0.5 units of Taq DNA polymerase (Gibco BRL) and 100 ng of 
total cellular DNA. Forward (5'-TTATTTTGRTTTTTTGGT-
CATCCTGARGT) and reverse (5'-TCTGGGTAGTCTGGTATT-
CKTCKTGGCA) primers, the design of which was based on 
conserved regions of COX1 sequence (LFWFFGHPEV and 
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MPRRIPDYPD, respectively), were a gift from Dr. B.F. Lang (Uni-
versite de Montreal, Montreal, QC). Amplification was carried out 
using a 2 min denaturation period (94°C), followed by 30 cycles of 
30 s denaturation at 94°C, 30 s annealing at 50°C and 30 s extension 
at 74°C. A 656-bp PCR product was visualized in a 1.0% agarose gel 
and cloned into pT7Blue T-Vector (Novagen) following manufactur-
er's specifications. Several constructs were sequenced using ftnol cycle 
sequencing (Promega). 
2.3. Southern hybridization analysis, mtDNA cloning and sequencing 
A fraction enriched in mtDNA was hydrolyzed with either EcoRl 
or Xbal, and the products were electrophoresed in a 1.0% agarose gel 
containing 1 XTAE (40 mM Tris-acetate, 1 mM EDTA) for 16 h. The 
resolved DNA fragments were transferred to a nylon membrane using 
conventional alkaline transfer protocols [21]. Hybridization was al-
lowed to continue overnight with randomly labelled coxl PCR prod-
uct [24] at 42°C in hybridization solution (5xSSPE= 180 mM NaCl, 
10 mM NaH 2P0 4 , 1 mM EDTA (pH 7.7)), 50% formamide and 
1 X BLOTTO ( = 5% skim milk powder, 10% SDS) [25], After hybrid-
ization, membranes were washed in 0.5XSSPE and 0.1% SDS fol-
lowed by 0.1 XSSPE and 0.1% SDS at 25°C, and finally for 30 min 
at 50°C in 0.1 XSSPE and 1.0% SDS before being subjected to auto-
radiography. The sizes of .EcoRl fragments that hybridized to the 
probe were determined by comparison with A. DNA////«dIII frag-
ments. Additional mtDNA-enriched aliquots were cut with EcoRl 
and electrophoresed in 1.0% agarose gels (as described above), and 
regions corresponding to discrete hybridization bands were excised. 
Size-fractionated DNA was ligated into pBluescript KS+ (Stratagene) 
using T4 DNA ligase and the constructs were transformed into com-
petent E. coli strain DH5a cells [26]. Positive clones were identified by 
hybridization of colony lifts [21] with randomly labelled coxl PCR 
product and used in the construction of a series of overlapping dele-
tion clones, generated by digestion with exonuclease III/mung bean 
nuclease [27]. Inserts were sequenced on both strands using a fmol 
cycle sequencing kit (Promega). 
2.4. Data and phylogenetic analyses 
Sequence data were assembled using the GDE software package 
[28]) on a Sun SPARCstation 4. Amino acid alignments were per-
formed using CLUSTAL W [29], manually optimized and examined 
using SeqVu 1.0.1 (J. Gardner, Garvan Institute of Medical Research, 
Sydney, Australia). COX1 phylogenetic trees were generated using the 
neighbor-joining method [30] (PHYLIP 3.5c [31], neighbor) based on 
distance matrices calculated (PHYLIP 3.5c [31], protdist) using a 
Dayhoff PAM amino acid substitution model [32]. Bootstrap resam-
pling analyses (100 data sets) were performed (PHYLIP 3.5c [31], 
seqboot) to assess branch support [33]. 
3. Results 
3.1. Isolation and sequence of the coxl gene 
An internal portion of C. cohnii coxl was initially identified 
by sequencing a 656-nt PCR product. In Southern hybridiza-
tions of a mtDNA-enriched fraction hydrolyzed with EcoRl 
or Xbal and probed with labelled PCR product, a smear 
ranging in size from < 2.0 kbp to 23 kbp was visible in the 
lanes containing uncut control and the Xbal digest (Fig. 1, 
lanes 1 and 3), with the Xbal lane displaying a greater degree 
of homogeneity over the size range. In the EcoRl digest, four 
fragments of approximate size 3.2, 3.8, 5.0 and 5.5 kbp were 
observed (Fig. 1, lane 2), superimposed on a faint trailing 
smear starting at the 5.5-kbp band. The stoichiometries of 
the four EcoRl bands are unequal, with each of the two small-
er bands displaying roughly twice the intensity of each of the 
two larger bands. Work currently in progress suggests that 
these size differences are the result of variability in sequence 
flanking the coxl gene. 
Screening of a size-fractionated EcoRl library (as described 
in Section 2) yielded three clones (pCcl5, pCc32 and pCc42), 
each containing a 5.0-kbp insert. Mapping and sequence anal-
Fig. 1. Autoradiography showing the results of Southern hybridiza-
tion analysis of a C. cohnii fraction enriched in mtDNA. The DNA 
was hydrolyzed with EcoRl (lane 2) or Xbal (lane 3) and probed 
with randomly labelled coxl PCR product. The undigested control 
fraction (lane 1) is labelled 'uncut'. Size markers (X DNA hydro-
lyzed with Hindlll) are denoted on the left side of blot. 
ysis showed that each insert contained a single continuous 
ORF (1569 nt) homologous to coxl. The flanking regions of 
pCcl5 and pCc42 are identical; all three constructs contain 
the same 124-nt sequence downstream of coxl, but sequence 
>400 nt upstream of coxl is different in the pCcl5/pCc42 
pair than in pCc32. 
Although we report the first case of a mtDNA element 
characterized from a dinoflagellate, a partial coxl sequence 
from C. cohnii already exists in GenBank (accession number 
L01984). Nucleotide and amino acid sequence comparisons 
clearly indicate that the genomic source of the two sequences 
is different and BLAST searches of the previously published 
partial COX1 sequence show higher alignment scores with 
bacterial than with mitochondrial COX1 homologs (data 
not shown); moreover, an oligonucleotide based on the 
L01984 sequence does not hybridize to C. cohnii DNA (W. 
Fischer and M. W. G. unpublished results). These observa-
tions suggest bacterial contamination as the most likely source 
of the L01984 sequence. 
3.2. Comparison of COX1 amino acid sequences 
The deduced amino acid sequence of C. cohnii coxl predicts 
a protein of 523 residues beginning with a universal initiation 
codon, ATG (Met), and terminating in a TAA stop codon. 
Continuity of the ORF and normal-length protein sequence 
rule out the presence of introns. Fig. 2 shows an alignment of 
COX1 sequences from C. cohnii, P. falciparum, T. pyriformis, 
Trypanosoma brucei, Beta vulgaris, Neurospora crassa and Bos 
taurus. Highest amino acid identity (59%) is between C. cohnii 
and P. falciparum COX1 sequences whereas the lowest value 
(33%) is with T. pyriformis COXL Notably, COX1 from the 
more distantly related organisms T. brucei (kinetoplastid), 
B. vulgaris (plant), N. crassa (fungi) and B. taurus (animal) 
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Fig. 2. Alignment of COXl amino acid sequences. Boxed segments indicate regions that show > 60% amino acid identity among all compared 
taxa. Dots (.) show the positions of the six conserved His residues. Asterisks (*) indicate the three conserved Trp residues that are encoded by 
TGA in T. pyriformis but by TGG in C. cohnii and apicomplexans. A stroke (I) denotes the position of a ciliate-specific insertion of 108 amino 
acids that has been omitted from the alignment. Inferred gaps are indicated by dashes (-). Taxa included in the alignment are: C. cohnii, Cryp-
thecodinium cohnii (AF012554, this report); P. falciparum, Plasmodium falciparum (M76611); T. pyriformis, Tetrahymena pyriformis (X06133); 
T. brucei, Trypanosoma brucei (X01094); B. vulgaris, Beta vulgaris (X57693); N. crassa, Neurospora crassa (X14669); and B. taurus, Bos taurus 
(V00654). Numbers within parentheses refer to EMBL accession numbers. 
show intermediate levels of identity (37%, 46%, 45% and 41%, 
respectively) to C. cohnii COXl. 
Amino acid identity is high throughout the conserved core 
region (between residues 59 and 520) and includes the six 
invariant histidine residues (dots) that bind heme a, CUB 
and heme a3 (reviewed in ref. [34]). The C-terminal region 
displays the greatest degree of length variability, with P. fal-
ciparum COXl being the shortest and C. cohnii COXl dis-
playing an intermediate length. The N-terminal region of 
COXl tends to be more uniform in length than the C-terminal 
portion, a difference reflected in the level of sequence conser-
vation in these two regions. 
3.3. Codon usage 
The most distinguishing feature of coxl in C. cohnii is the 
exclusive use of TGG to encode tryptophan (Trp) (Table 1); 
in contrast, many mitochondrial translation systems utilize 
both TGG and TGA (reviewed in [8] and [35]). TGA, a 
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Fig. 3. Phylogenetic analysis of COXl amino acid sequence by neighbor-joining. Numbers indicate the percentage of bootstrap resamplings 
(out of 100) that support the inferred topology; only values >90% are listed with the exception of the alveolate clade, where all values are 
shown. Complete amino acid alignment includes only the COXl core region (amino acid residues 59-520, based on the alignment in Fig. 2). 
The scale bar indicates 10 substitutions per 100 amino acids. Taxa included in the analysis are those mentioned in Fig. 2 as well as Bradyrhi-
zobium japonicum (X54800), Leishmania tarentolae (P14544), Theileria parva (S41689), Plasmodium yoelii (A38891), Paramecium aurelia 
(XI5917), Prototheca wickerhamii (X68721), Zea mays (X02660), Glycine max (Ml6884), Pisum sativum (XI4409), Oenothera berteriana 
(X05465), Emericella nidulans (X00790), Kluyveromyces lactis (X57546), Homo sapiens (V00662), Strongylocentrotus purpuratus (X12631), Para-
centrotus lividus (J04815) and Ascaris suum (X54253). Numbers within parentheses refer to EMBL, GenBank or Swiss-Prot accession numbers. 
stop codon in the universal system, is not found in C. cohnii 
COXl; in contrast, TGA is used exclusively in T. pyriformis 
COXl to encode Trp, including five highly conserved Trp 
residues (Fig. 2). C. cohnii coxl (76% A+T) also exhibits a 
preference for A or T in the third (wobble) position of codons 
(87%) whereas first (excluding Trp and Met) and second posi-
tion A+T biases are lower (69%> and 62%, respectively). First-
position preferences for A or T in Leu and Arg codons also 
contribute to the high A+T content of C. cohnii coxl. Of the 
nine Arg residues present, eight are encoded by AGA, one by 
AGG, and none by CGN. Similarly, of 78 Leu residues, 55 
are specified by TTA, whereas CTC, CTA and CTG together 
account for only seven codons, and TTG is not used at all. 
Although codon usage in coxl might suggest an evolutionary 
drive toward increased A+T content in the mtDNA, it is note-
worthy that flanking sequences have the same or lower A+T 
content as the coxl coding region. 
3.4. Phylogenetic reconstruction based on COXl sequence 
comparisons 
Phylogenetic trees were constructed using several members 
of each major taxonomic group to accurately gauge COXl 
global topology. A COXl phylogenetic tree based on near-
est-neighbor analyses (Fig. 3) shows that members of the ki-
netoplastids and alveolates branch together, forming the most 
basal mitochondrial clade with 100%) bootstrap support. 
However, the long branch lengths within the two groups sug-
gest than this affiliation is more likely indicative of a 'long 
branch attraction' artifact [36] than of a close evolutionary 
relationship. In fact, the phylogenetic distances between bac-
Table 1 
Codon usage in C. cohnii coxl gene 
aa 
Phe 
Leu 
Leu 
He 
Met 
Val 
Codon 
TTT 
TTC 
TTA 
TTG 
CTT 
CTC 
CTA 
CTG 
ATT 
ATC 
ATA 
ATG 
GTT 
GTC 
GTA 
GTG 
# 
42 
7 
55 
0 
16 
2 
3 
2 
26 
7 
41 
13 
10 
1 
7 
0 
% 
85.7 
14.3 
70.5 
0.0 
20.5 
2.6 
3.8 
2.6 
35.1 
9.5 
55.4 
100 
55.6 
5.6 
38.8 
0.0 
aa 
Ser 
Pro 
Thr 
Ala 
Codon 
TCT 
TCC 
TCA 
TCG 
CCT 
CCC 
CCA 
CCG 
ACT 
ACC 
ACA 
ACG 
GCT 
GCC 
GCA 
GCG 
# 
24 
2 
26 
0 
5 
0 
17 
1 
9 
2 
21 
0 
5 
2 
3 
0 
% 
46.1 
3.9 
50.0 
0.0 
21.7 
0.0 
73.9 
4.4 
28.1 
6.3 
65.6 
0.0 
50.0 
20.0 
30.0 
0.0 
aa 
Tyr 
*** 
*** 
His 
Gin 
Asn 
Lys 
Asp 
Glu 
Codon 
TAT 
TAC 
TAA 
TAG 
CAT 
CAC 
CAA 
CAG 
AAT 
AAC 
AAA 
AAG 
GAT 
GAC 
GAA 
GAG 
# 
19 
0 
1 
0 
10 
0 
5 
3 
25 
3 
8 
3 
8 
0 
6 
2 
% 
100 
0.0 
100 
0.0 
100 
0 
62.5 
37.5 
89.3 
10.7 
72.7 
27.3 
100 
0.0 
75.0 
25.0 
aa 
Cys 
*** 
Trp 
Arg 
Ser 
Arg 
Gly 
Codon 
TGT 
TGC 
TGA 
TGG 
CGT 
CGC 
CGA 
CGG 
AGT 
AGC 
AGA 
AGG 
GGT 
GGC 
GGA 
GGG 
# 
6 
1 
0 
10 
0 
0 
0 
0 
5 
2 
8 
1 
21 
2 
24 
2 
% 
85.7 
14.3 
0.0 
100 
0.0 
0.0 
0.0 
0.0 
71.4 
28.6 
88.9 
11.1 
42.9 
4.1 
4.1 
48.9 
Percentage (%) indicates the proportion of codons used for each amino acid. Asterisks (***) denote stop codons. 
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terial COXA and non-kinetoplastid/alveolate COX1 se-
quences are shorter than distances found within the kineto-
plastid/alveolate 'clade'. Within the alveolates, dinoflagellates 
and apicomplexans form a well-supported (98% bootstrap) 
monophyletic group, in agreement with nuclear rRNA trees, 
although overall support for the alveolate clade is low (boot-
strap value 74%). Additional phylogenetic trees were also gen-
erated from much larger data sets that included > 60 taxa and 
eight different bacterial COX1 homologs (data not shown), 
but overall tree topology and bootstrap values did not vary 
significantly from those shown in Fig. 3. 
4. Discussion 
Amino acid sequence comparisons demonstrate that C. coh-
nii COX1 shares highest identity with P. falciparum COX1 
and lowest with T. pyriformis COX1. The relatively low de-
gree of amino acid identity between dinoflagellate and ciliate 
COX1 sequence is inconsistent with SSU rRNA phylogenies 
[1^1] but may be explained by the highly derived nature of 
many ciliate mitochondrial genes, including coxl [14,37,38]. 
Examination of nucleotide sequence in the vicinity of the 
predicted N-terminus of COX1 identifies a single potential 
ATG initiation codon. This is in contrast to the data available 
from apicomplexans (reviewed in ref. [15]) and ciliates (re-
viewed in ref. [14]) that suggest that alternate coxl initiation 
codons are used in these cases. Alternate initiation codons 
have been proposed for P. falciparum and P. gallinaceum 
(ATT) ([39], reviewed in ref. [15]), T. parva (AGT) [13] and 
T. pyriformis (ATA) [17] but the situations in P. yoelii [40] 
and P. aurelia [14] are unresolved. Why C. cohnii uses a con-
ventional start codon when other members of the alveolates 
do not is unclear. However, considering that apicomplexans 
and ciliates also possess mitochondrial genes that have ATG 
start codons (e.g. cob in all apicomplexans [10,13,39,40] and 
atp9 in P. aurelia [14,38]), all members of the alveolates, in-
cluding dinoflagellates, may utilize both conventional and 
atypical start codons. 
Changes in mitochondrial codon frequencies can occur as a 
result of AT selection pressure. Such pressure is manifested by 
an increase in the A+T content of spacer regions or codon 
third positions relative to first (with the exception of Leu or 
Arg codons) and second positions [35,41]. C. cohnii COX1 
does exhibit a bias for A or T in codon third positions (Table 
1); however, the A+T content of spacer regions is equal to or 
less than that of coding regions, making it difficult to argue 
that AT selection is at work. Table 1 also shows that all 10 
Trp residues are encoded using the universal TGG codon; 
however, in many mitochondrial systems, TGA (a universal 
stop codon) also codes for Trp (reviewed in ref. [35]). Based 
on the COX1 results, it seems possible that TGA in C. cohnii 
is either an unassigned or stop codon. As in C. cohnii, Plas-
modium mitochondrial protein genes do not appear to use 
TGA [9,15]; on the other hand T. pyriformis mtDNA uses 
TGA almost exclusively ([17]; G. Burger, M.W.G. et al., un-
published data) whereas the P. aurelia mitochondrial genome 
uses both TGA and TGG equally [14,42]. 
It has been suggested [35,43] that virtually all non-plant 
mitochondria (those of the oomycete, Phytophthora infestaus, 
being an exception [41]) use TGA to encode Trp, and that this 
switch in TGA coding occurred after the split of green plants 
from other eukaryotes. Recently, several non-plant species 
have been characterized whose mtDNAs do not use TGA to 
encode Trp, but which affiliate with species whose mtDNA 
uses TGA to specify Trp. Examples are the chytrid, Allomy-
ces, contrasted with other fungi [44] and Euglena contrasted 
with kinetoplastids [45] (see also data compiled by the Organ-
elle Genome Megasequencing Program (OGMP); http://meg-
asun.bch.umontreal.ca/ogmp). This variant assignment of 
TGA is similar to what is found within the alveolates and 
further illustrates the point that codon usage is highly variable 
and basically uninformative with respect to understanding 
global phylogenetic relationships [44,46]. 
The COX1 phylogenetic tree (in agreement with amino acid 
identity values) shows strong support for a dinoflagellate and 
apicomplexan clade (98% bootstrap) but displays poor reso-
lution within the alveolate clade. This low degree of support 
in part may reflect artifactual grouping of unrelated taxa (e.g. 
alveolates and kinetoplastids) as a result of long branch at-
traction [36] due to an accelerated rate of sequence divergence. 
Agreement of SSU rRNA trees [1^1] and morphological data 
[4,5] with COX1 trees implies that members of the alveolates 
share a common ancestry; however their coxl genes are ob-
viously evolving at an accelerated and unequal rate. This is 
particularly evident in ciliate COX1 protein sequences, which 
are even more derived than COX1 homologs in kinetoplastids 
[37], a separate and earlier branching eukaryote lineage in 
nuclear rRNA trees [47]. This extreme divergence complicates 
phylogenetic reconstruction and assessment of relationships. 
It also highlights the importance of isolating and characteriz-
ing other dinoflagellate mitochondrial genes, which should 
provide additional information into codon usage and insights 
about the evolution of dinoflagellates, apicomplexans and cil-
iates. 
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